The one-step selective synthesis of dimethoxymethane (DMM; CH 3 OCH 2 OCH 3 ) was achieved by oxidation of dimethyl ether (DME) or methanol (CH 3 OH) with O 2 at low temperatures (453-513 K) on unsupported and SiO 2 -supported heteropolyacids with Keggin structures [H 3+n PV n Mo 12-n O 40 (n ) 0-4)]. These materials provide redox and Brönsted acid sites required for bifunctional DMM synthesis pathways. Supported structures at submonolayer coverages (0.1-0.28 Keggin units per nm 2 ) are much more accessible than bulk structures and remove diffusional constraints. Their higher dispersions lead to marked improvements in DMM synthesis rates and selectivities and to lower CO x yields using either CH 3 OH or DME reactants. The presence of H 2 O during DME oxidation increases DMM synthesis rates because of a consequent increase in the rate of DME hydrolysis reactions, which form CH 3 OH molecules required as intermediates in the DMM synthesis reaction sequence. Pure CH 3 OH reactants form DMM at much higher rates than DME reactants. The replacement of some Mo atoms in H 3 PMo 12 O 40 structures with V increases DMM synthesis rates and selectivities while inhibiting the formation of CO x . In fact, CO x was not detected on H 3+n PV n Mo 12-n O 40 (n ) 2, 4; ∼0.1 KU/ nm 2 ) even at high CH 3 OH conversions (∼50%). CH 3 OH converts to DMM via primary CH 3 OH reactions to form formaldehyde (HCHO) and subsequent secondary reactions of HCHO with CH 3 OH in steps requiring both redox and acid sites; CH 3 OH also reacts to form DME on acid sites. These pathways are consistent with the effects of changes in residence time and of the partial removal of acidic OH groups from Keggin structures on reaction selectivities. High CH 3 OH pressures and conversions favor HCHO-CH 3 OH acetalization reactions and DMM synthesis rates and selectivities. Thermal treatments that cause dehydroxylation and loss of Brönsted acid sites without destroying the primary Keggin structures decrease DME formation rates without significant changes in DMM synthesis rates. These findings suggest that acid sites are not involved in the rate-limiting step for DMM synthesis and that much higher DMM selectivities can be achieved by further increases in the ratio of the rates of redox and acid catalysis. This study represents the first report of high DMM selectivity and yields on stable molecular oxide clusters and provides an effective approach to the rational design of oxide materials for the one-step synthesis of dimethoxymethane from either dimethyl ether or methanol.
Introduction
Dimethoxymethane (DMM; CH 3 OCH 2 OCH 3 ) is an important chemical intermediate. It is used as a gasoline additive, as a building block in organic syntheses, and as a precursor in the synthesis of concentrated formaldehyde (HCHO) streams and of polyoxymethylene dimethyl ethers useful as diesel fuel additives. DMM can be formed from HCHO produced via CH 3 -OH oxidation reactions. In contrast with the many previous studies of CH 3 OH oxidation to formaldehyde, the one-stage syntheses of DMM from CH 3 OH or dimethyl ether (DME) have received limited attention and achieved limited success. Current state-of-the-art DMM synthesis processes involve methanol oxidation to formaldehyde on silver or iron molybdate catalysts, followed by subsequent condensation reactions of methanol-formaldehyde mixtures using sulfuric acid or solid acid catalysts. 1, 2 Iwasawa et al. 3, 4 have recently reported that ReO x -based catalysts with high Re content (∼10 wt %) selectively oxidize methanol to DMM with much higher rates and selectivities than V 2 O 5 /TiO 2 , molybdophosphoric acid, or MoO 3 /MCM-41, [5] [6] [7] typically used for CH 3 OH oxidation to HCHO. The high cost of ReO x and its volatility at the required reaction temperatures (∼473-593 K) present significant hurdles to the application of this first and only example of a single-stage selective synthesis of dimethoxymethane.
Two types of active sites appear to be required for DMM synthesis. Redox sites with active lattice oxygen atoms are involved in the initial formation of HCHO from CH 3 OH or DME, whereas acid sites can catalyze desired acetalization reactions of HCHO and CH 3 OH, and also CH 3 OH-CH 3 OCH 3 interconversion side reactions. Heteropolyacids are negatively charged oxide clusters with Keggin structures, W, Mo, or V addenda atoms, and P, Si, or B as central atoms. [8] [9] [10] The negative charge is balanced by cations, which renders the materials acidic when protons become the charge-balancing cations. These solids contain both acid and redox functionalities, but typically form secondary crystalline structures with low surface area (<10 m 2 /g); they would represent attractive potential catalysts for DMM synthesis if their surface area and * To whom all correspondence should be addressed. E-mail: iglesia@ cchem.berkeley.edu. Tel: (510) 3 OH to DME via dehydration reactions catalyzed by Brön-sted acid sites, without significant contributions from redox pathways leading to HCHO or DMM. 11 Mo-containing heteropolyacids with central Si or P atoms catalyze methanol conversion to formaldehyde with minor amounts of DMM side products. 6, 11 Here, we report the discovery of very active H 3 -PMo 12 O 40 and H 3+n PMo 12-n V n O 40 structures supported on SiO 2 , which catalyze CH 3 OH reactions at low temperatures with very high selectivities to DMM (80-96%, DME-free basis) and high CH 3 OH conversions (20-40%, DME-free basis). These materials also catalyze DMM synthesis from DME (3CH 3 OCH 3 + O 2 f 2CH 3 OCH 2 OCH 3 + H 2 O) or DME-CH 3 OH reactants. DME and DME-CH 3 OH reactants can be produced less expensively from synthesis gas (CO/H 2 ) than chemical grade CH 3 OH, [12] [13] [14] which is currently used in the synthesis of intermediate chemicals.
Experimental Section
Supported heteropolyacid catalysts were prepared by incipient wetness impregnation of SiO 2 (Cab-O-Sil, 288 m 2 /g) with methanolic (Merck, 99.98%) solutions of each heteropolyacid {H 3+x PV x Mo 12-x O 40 ‚30H 2 O (x ) 0, 1, 2, 4), Japan New Metals Co.; H 3 PW 12 O 40 ‚6H 2 O, Allen Chem.} at 298 K for 5 h. Impregnated samples were then dried in ambient air at 393 K overnight.
Raman spectra were measured using a HoloLab 5000 Raman spectrometer (Kaiser Optical) and a frequency-doubled Nd:YAG laser at a wavelength of 532 nm. The Raman spectrometer was equipped with a CCD camera that was electrically cooled to 233 K in order to reduce thermal noise. Samples were pressed into self-supporting thin wafers, placed on a rotary stage within a quartz cell, and spun at ∼16 Hz to avoid structural changes caused by local laser heating. Raman spectra were measured for fresh samples and for samples treated in flowing 20% O 2 3 OH reactions were not detected for the conditions used in this study. All transfer lines between the reactor and gas chromatograph were kept above 393 K in order to avoid condensation of reaction products. Reactants and products were analyzed by on-line gas chromatography (Hewlett-Packard 6890GC) using a methyl-silicone capillary (HP-1 with 30 m × 0.25 × 0.25 µm film thickness) column and a Porapak Q packed column (80-100 mesh, 1.82 m × 3.18 mm) connected to flame ionization and thermal conductivity detectors, respectively. Selectivities are reported on a carbon basis as the percentage of the converted reactant appearing as a given product. than H 3 PMo 12 O 40 structures. These supported catalysts showed much lower selectivities to CO x than the corresponding bulk samples. On both supported catalysts, HCHO selectivities (22 or 33.2%) were higher and DMM selectivities (44.6 or 55.0%) were slightly lower than those in the respective bulk compounds. This may reflect the loss of some Brönsted acid sites during anchoring of Keggin clusters on supports or during subsequent thermal treatments, as also evidenced by the lower CH 3 OH selectivities observed on supported samples. On all samples, the relatively high HCHO selectivities appear to reflect the stoichiometric requirement for CH 3 OH, which is present in low concentrations, for the final acetalization reaction of HCHO with CH 3 OH required in order to form DMM. Figure 1 shows the effect of adding H 2 O to DME reactants during reactions on H 5 PV 2 Mo 10 O 40 /SiO 2 (9.2 wt %; treated at 553 K). These experiments were performed to increase CH 3 -OH concentrations via acid-catalyzed DME hydration reactions and to allow the completion of the DMM synthesis sequence, which requires an acetalization step and a final step in which CH 3 OH reacts with OH groups in adsorbed adducts formed from CH 3 OH-HCHO reactants as discussed in detail in the next section. DME conversion rates and DMM synthesis rates increased by factors of two and three, respectively, and the DMM selectivity increased from 55.0 to 68.3% (59.4 to 84.6%, CH 3 OH-free basis) as 3.1 kPa H 2 O was added to the DME/O 2 reactant stream. The selectivity to CH 3 OH increased concurrently from 7.4 to 19.3% as a result of the higher rate of DME hydration with increasing H 2 O concentration ( Figure 1b ). Higher H 2 O concentrations led to additional small increases in DME rates, mostly as a result of slightly higher DME hydration rates and the consequently higher CH 3 OH concentrations. The selectivity to DMM increased from 59.4 to 84.6% (CH 3 OHfree basis) as the H 2 O partial pressure increased to 3.1 kPa, but then remained essentially unchanged (84.7-85.3%) for higher H 2 O partial pressures (3.1-23.9 kPa; Figure 1a 40 (n ) 0,1,2,4) were HCHO, dimethoxymethane, methylformate, and DME (Table 2) . At these conditions, CO x (CO is >90% of the CO x formed) selectivities were very low (<5%) even at CH 3 -OH conversions of nearly 70%. Table 2 shows CH 3 OH conversion rates (DME-free) and selectivities obtained at 493 K on unsupported and SiO 2 -supported H 3+n PV n Mo 12-n O 40 (n ) 0,1,2,4) catalysts. These materials were treated in dry air at 553 K; the effects of thermal pretreatment temperature are described below. Reaction rates are reported normalized per Keggin unit (molecules/KU-h) and per gram of the active element (mmol/g-metal-h). Selectivities are reported both by considering DME as a products and also on a DME-free basis, in view of available pathways for DME conversion to similar products and to CH 3 OH on these catalysts. At similar CH 3 OH conversions, reaction rates on the three unsupported heteropolyacids were only weakly influenced by the V/Mo content. DMM was the predominant product of oxidative CH 3 OH reactions on all three catalysts and DMM selectivities reached values of 75-81% (DME-free basis at 22-25% CH 3 OH conversion).
Results and Discussion

Catalytic Oxidation of Dimethyl
The replacement of some Mo atoms by V to form H 4 -PVMo 11 O 40 and H 5 PV 2 Mo 10 O 40 led to higher DMM selectivities and to lower MF selectivities, as shown in Table 2 . The combined selectivity to desired DMM and HCHO products reached values as high as 95% at CH 3 OH conversions of 22% (both DME-free basis). High DME selectivities (∼50%) were also observed on all crystalline bulk heteropolyacid samples. Unsupported and supported H 3 PW 12 O 40 were also tested for CH 3 OH-O 2 reactions and they led to the exclusive formation of DME from CH 3 OH, consistent with their predominant function as acid catalysts (Table 2) .
These materials were also tested as supported samples in order to increase their accessibility to reactants and CH 3 OH reaction rates. The results are shown in Table 2 Effects of H2O partial pressure on oxidative DME reaction rates (CH3OH-free) (a) and selectivities (b) as well as on CH3OH-free dimethoxymethane selectivities (a) at 513 K on H5PV2Mo10O40/SiO2 (9.2 wt %) treated at 553 K (80 kPa DME, 18 kPa O2, 2 kPa N2, balance He).
PVMo 11 O 40 /SiO 2 samples at CH 3 OH conversions of 40.9-47.0%, with extremely low CO x selectivities (0.4-1.5%).
Comparison with State-of-the-Art Catalysts for One-Step DMM Synthesis from CH 3 OH. The best reported catalysts for direct CH 3 OH oxidation to DMM are based on supported Re oxides. 4 (Table 2 ). DMM selectivities were also similar when compared on a DME-free basis, but the large number of acid sites and strong acidity of heteropolyacid materials led to higher DME selectivities during CH 3 OH reactions. Our evaluation of some of the ReO x -based compositions reported in CH 3 OH reactions led to significantly higher DME selectivities than previously reported. 4 It also led to the extensive sublimation of ReO x species, consistent with the high volatility of the prevalent ReO x species at the required reaction conditions. Several other studies have detected DMM products either with very low selectivity or very low formation rate. [5] [6] [7] 11 For example, H 3 PMo 12 O 40 clusters supported on SiO 2 (5.75 wt % Mo) gave DMM selectivities as high as 55% at 513 K after the sample was treated at 593 K (Table 2 ), but CH 3 OH conversion rates were not reported, thus preventing direct comparisons with our results reported here. 6 Mo/MCM-41 (2 mol % Mo) showed a high DMM selectivity (72.6%) and very low CH 3 OH conversion (0.7%) at 543 K, but Mo migration out of MCM channels led to rapid deactivation. 7 The partial conversion of CH 3 OH to DME during DMM synthesis does not present significant hurdles, because pathways are available for the re-formation of CH 3 OH as it is depleted and for DME conversion to HCHO and DMM products on heteropolyacids (Tables 1, Figure 1 ) and to HCHO on supported MoO x and VO x catalysts. [15] [16] [17] [18] Finally, the selectivity to DME can be further decreased by the selective titration of some of the Brönsted acid sites in heteropolyacids or by their partial dehydroxylation during controlled thermal treatments, as described in the next section.
Effects of H 5 PV 2 Mo 10 O 40 Surface Density and Thermal Treatment on CH 3 OH Reaction Rate and Selectivity. The catalytic properties of supported heteropolyacids depend on their dispersion on SiO 2 . Table 3 shows the effects of H 5 PV 2 Mo 10 O 40 loading and surface density on the rate and selectivity of CH 3 -OH oxidation reactions. Surface densities are reported as the number of Keggin units or the number of V and Mo active metal atoms per BET surface area (KU/nm 2 and metal/nm 2 ). For loadings less than 9.2 wt %, reaction rates remained nearly constant with loading, indicating that most, and possibly all, Keggin clusters are accessible to reactants in this surface coverage range. Higher surface densities led to a decrease in CH 3 OH reaction rates (per KU), apparently because of incipient agglomeration of dispersed Keggin units into clusters with secondary crystalline structures. The surface densities required for incipient agglomeration (0.10-0.28 KU/nm 2 ) are smaller than those estimated from geometric arguments for a theoretical monolayer of Keggin clusters (0.7 KU/nm 2 ), each one of which occupies ∼1.44 nm 2 . The samples with the lowest surface density (0.024 KU/nm 2 ) gave very low DME selectivity (20.4%) and high HCHO selectivity. Increasing the surface density to 0.10 KU/nm 2 led to higher DME and DMM selectivities and lower HCHO selectivities. At surface densities of 0.65 KU/nm 2 Figure 2 . Thermal treatments of H 5 PV 2 Mo 10 O 40 /SiO 2 (20.1 wt %) in air at 523 K led to high DME selectivities (46.2%) and to relatively low DMM selectivities of 37.1% (69.0%, DME-free). As the thermal treatment temperature increased to 553 K, the DME selectivity declined to 36.5%, while the DMM selectivity increased to 51.2% (80.6%, DMEfree). This trend continued until the treatment temperatures reached ∼673 K. After treatment at 673 K, the DME selectivity was 13.4%, and the DMM selectivity was 70.5% (81.4%, DMEfree). Further increases in the thermal treatment temperature (873 K) led to a sharp decrease in DMM selectivity and to a concurrent increase in HCHO selectivity. The reaction rates (DME-free) decreased from 185.4 mmol/g-metal-h to 143.0 mmol/g-metal-h by only ∼20% as the treatment temperature increased from 553 to 673 K, but then decreased sharply to 92.4 mmol/g-metal-h after treatment at 873 K (Figure 2 Figure 3 shows Raman spectra for H 5 PV 2 -Mo 10 O 40 /SiO 2 (9.2 wt %) after exposure to ambient air at 298 K and after treatment in dry air at various temperatures. The samples initially showed Raman bands at 1002 (s), 984 (sh), and ∼900 (w) cm -1 in the 600-1100 cm -1 spectral region. The bands at 1002 and 984 cm -1 are assigned to terminal ModO stretching vibrations, and the band around 900 cm -1 is assigned to bridging Mo-O-Mo (or P) stretching modes in the intact Keggin structure. 19 The terminal ModO stretching bands at 1002 and 984 cm -1 shifted to higher frequencies (1015 and 1001 cm -1 , respectively) after treatment in 20% O 2 /He at 523 K; the band at ∼900 cm -1 remained unchanged, and a new weak band appeared at 1039 cm -1 (Figure 3, curve b) . The observed shift to higher frequencies upon water desorption reflects a change in Mo coordination and in the bond order for terminal ModO bonds associated with desorption of water molecules loosely coordinated to Keggin structure, 19 as also found for dispersed MoO x catalysts. 18, 20 The new band detected at 1039 cm -1 has been tentatively assigned to vanadyl species, which appear to form via expulsion of some V-atoms from the Keggin structure after treatment at ∼523 K. 19 Increasing the treatment temperature from 523 to 553 K led to stronger features at 1001 cm -1 relative to those at 1015 cm -1 , and this trend continued up to 673 K. This phenomenon appears to reflect the loss of protons via dehydroxylation and the consequent formation of condensed Keggin structures after thermal treatment at 523-673 K. Treatment at 673 K led to two additional bands at 972 (w) and ∼870 cm -1 (b). After exposure to ambient moisture, the original spectrum in the starting material was restored ( Figure 3 , curve a), indicating that dehydroxylation processes are reversible at these temperatures and that destruction of the Keggin structure and formation of crystalline MoO 3 does not occur upon dehydroxylation at 673 K or lower temperatures in these (493 K, 4 kPa DME, 9 kPa  O 2 , 1 kPa N a Data in parentheses are calculated on a DME-free basis.
Figure 2.
Effects of treatment temperature on CH3OH conversion rates (DME-free) and selectivities at 493 K on H5PV2Mo10O40/SiO2 (20.1 wt %; 4 kPa CH3OH, 9 kPa O2, 1 kPa N2, balance He). Figure 4 shows CH 3 OH conversion rates and selectivities as a function of reactant residence time, which was changed by varying the reactant space velocity at 493 K on a H 5 PV 2 -Mo 10 O 40 /SiO 2 (9.2 wt %) sample treated at 553 K. The observed trends are similar on all supported and unsupported samples examined in this study.
CH 3 OH conversion rates decreased slightly with increasing residence time. This decrease reflects weak kinetic inhibition by water formed during oxidation reactions, as reported previously for DME oxidation to HCHO on MoO x and VO x catalysts. 17 The selectivity to the predominant DMM product increased with increasing residence time and CH 3 OH conversion, while HCHO selectivity concurrently decreased. Selectivity to MF also increased with increasing residence time. The selectivity to CO x was always very low (<0.3%) and often undetectable. DME selectivities were essentially independent of residence time. The concurrent increase in DMM and MF selectivities and decrease in HCHO selectivity as residence time increases indicates that DMM and MF form via secondary HCHO reactions. The weak residence time effects on DME selectivity reflect its lower reactivity in oxidation reactions compared with CH 3 OH, which is also present at much higher concentrations than DME at these conditions (cf. Tables 1 and  2 ). The observed effects of residence time on selectivity are consistent with the reaction pathways shown in Scheme 1. These pathways include primary CH 3 OH reactions to form DME and HCHO, and secondary reactions of HCHO to form DMM and MF via methoxymethanol or hemiacetal (CH 3 OCH 2 OH) intermediates, which form via acetalization reactions of HCHO with methoxide or methanol. 21,22 CH 3 OCH 2 OH intermediates were not detected during CH 3 OH reactions because of their thermodynamic instability and their expected rapid reactions with CH 3 -OH to form DMM. These rapid reactions of HCHO and CH 3 OCH 2 OH intermediates with CH 3 OH make DMM appear to behave as a primary product, giving a nonzero extrapolated selectivity at zero residence time (Figure 4) . The low measured CO x selectivities (<0.5%) allow us to exclude these steps from our kinetic analysis of these reaction pathways. DME oxidation kinetic measurements (Table 1 and Figure 1 ) suggest that secondary reactions of DME formed in CH 3 OH reactions can also form HCHO, which subsequently converts to DMM and MF (Scheme 1). These reaction pathways (Scheme 1) require the involvement of bifunctional pathways requiring both redox and acid sites. Redox sites with active lattice oxygen atoms catalyze initial oxidative dehydrogenation reactions of CH 3 OH or DME to form HCHO, while acid sites (H + ) are involved in the formation of CH 3 OCH 2 OH intermediates and in their conversion to DMM, as well as in CH 3 OH dehydration to form DME. These conclusions are consistent with the use of monofunctional acid catalysts for reactions of HCHO and CH 3 -OH to form DMM 23 and with parallel studies of the effects of titration of Brönsted acid sites with organic bases during CH 3 -OH oxidation reaction on these materials. 24 Methylformate is likely to form via oxidative or non-oxidative dehydrogenation of CH 3 OCH 2 OH intermediates on redox sites. These findings and conclusions indicate that high HCHO concentrations, favored at high CH 3 OH conversions or high CH 3 OH inlet pressures, lead to higher DMM synthesis rates and selectivities, as a result of faster secondary acetalization reactions involving HCHO and CH 3 OH, as shown in the next section.
Reactant Concentration and Temperature Effects on CH 3 OH Conversion to Dimethoxymethane. Table 4 shows the effects of reaction temperature on CH 3 OH conversion rates and selectivities on H 5 PV 2 Mo 10 O 40 /SiO 2 (9.2 wt %) samples treated at 553 K. Rates and selectivities are compared at similar CH 3 OH conversion levels (∼27%, DME-free), which were achieved by varying reactant space velocities over a broad range. CH 3 OH reaction rates increased from 68 mmol/g-metal-h to 340 mmol/g-metal-h as reaction temperatures increased from 453 to 513 K. DMM selectivities decreased from 91.8% (DMEfree) to 51.1% in this temperature range, mostly as a result of a concurrent increase in HCHO selectivity with increasing reaction temperature. These effects suggest that redox reactions leading to HCHO increase more strongly with temperature than acetalization reactions leading to DMM, suggesting a higher activation energy for the former reactions. DME and MF selectivities were only weakly affected by reaction temperature. CH3OH reaction rates (DME-free) and selectivities as a function of reactant residence time at 493 K on H5PV2Mo10O40/SiO2 (9.2 wt %) treated at 553 K (4 kPa CH3OH, 9 kPa O2, 1 kPa N2, balance He). Figure 5 shows the effects of CH 3 OH partial pressure on CH 3 -OH conversion rates and selectivities at 473 K on H 5 PV 2 -Mo 10 O 40 /SiO 2 (9.2 wt %, treated at 553 K). At similar CH 3 OH conversions (∼11% DME-free basis), reaction rates increased as CH 3 OH partial pressures increased from 2 to 30 kPa. Higher CH 3 OH partial pressures led to much lower HCHO selectivities and to a concurrent increase in DMM selectivities from 61.3% to 95.8% (DME-free). These trends appear to reflect the secondary nature of the pathways required for DMM synthesis, which require sequential bimolecular coupling reactions between HCHO and CH 3 OH-derived intermediates and between the products formed in this reaction and CH 3 OH (Scheme 1). The enhancement of these secondary reactions with increasing CH 3 -OH partial pressure leads to higher HCHO conversion rates relative to its formation rate and to the observed decrease in HCHO selectivity as CH 3 OH inlet pressures increase. The concurrent observed increase in DME selectivity from 32.1% to 51.2% is consistent with the expected bimolecular nature of CH 3 OH dehydration reactions.
CH 3 OH reaction rates and selectivities were essentially unchanged as O 2 partial pressures increased from 5 to 30 kPa as shown in Figure 6 . Such insensitivity to gas-phase O 2 concentrations is typical of catalytic oxidation reactions proceeding via Mars van Krevelen pathways 25 using lattice oxygen atoms. Such pathways have been established for CH 3 OH 26 and DME 17, 18 oxidation to HCHO and for oxidative dehydrogenation of alkanes. 27 Figure 7 shows that the removal of O 2 led to initial rates very similar to those obtained in the presence of O 2 co-reactants, indicating that lattice oxygen is available for CH 3 OH conversion reactions. These rates decreased with time as lattice oxygen was depleted by these a Data in parentheses are calculated on a DME-free basis. Figure 5 . Effects of CH3OH partial pressure on CH3OH conversion rates and selectivities on a DME-free basis at 473 K on H5PV2Mo10O40/ SiO2 treated at 553 K (9.2 wt %; 9 kPa O2, 1 kPa N2, balance He). Figure 6 . Effect of oxygen pressure on CH3OH conversion rates and selectivities on a DME-free basis at 473 K on H5PV2Mo10O40/SiO2 treated at 553 K (9.2 wt %; 4 kPa CH3OH, balance He).
Figure 7.
Dimethoxymethane synthesis rates in the presence and in the absence of gas-phase O2 at 453 K on a steady-state H5PV2Mo10O40/ SiO2 catalyst (9.2 wt %) treated at 553 K (4 kPa CH3OH, 9 kPa O2 or no O2, balance He).
